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Performance fatigability is characterized as an acute decline in motor performance caused by
an exercise-induced reduction in force or power of the involved muscles. Multiple mechanisms contribute to performance fatigability and originate from neural and muscular processes, with the task demands dictating the mechanisms. This review highlights that (1)
inadequate activation of the motoneuron pool can contribute to performance fatigability,
and (2) the demands of the task and the physiological characteristics of the population
assessed, dictate fatigability and the involved mechanisms. Examples of task and population
differences in fatigability highlighted in this review include contraction intensity and velocity,
stability and support provided to the fatiguing limb, sex differences, and aging. A future
challenge is to deﬁne speciﬁc mechanisms of fatigability and to translate these ﬁndings to
real-world performance and exercise training in healthy and clinical populations across the
life span.

uman performance can be limited during
athletic endeavors, exercise training, ergonomic tasks, and daily activities by fatigue that
develop in the neuromuscular system. This fatigue is often referred to as muscle fatigue but is
also referred to as performance fatigability, and
is deﬁned as an acute exercise – induced reduction in force and power output of the involved
muscles that dictate performance (Gandevia
2001; Kent-Braun et al. 2012; Enoka and Duchateau 2016). Fatigability during exercise,
however, is often accompanied by increased
perceptions of fatigue and afferent inputs that
may contribute to impaired performance
(Enoka and Duchateau 2016; Taylor et al.
2016). Fatigability of muscles not only limits

H

performance acutely but, in the long term,
can be used to enhance performance. In combination with adequate dosage and recovery,
fatigability causes acute overload of the neuromuscular system, which, in the long term, is
necessary for neuromuscular adaptions and
improved performance such as increased muscle strength and endurance.
Fatigability of performance occurs during
both maximal- and submaximal-effort motor
tasks, and is often quantiﬁed as a reduction
in the maximal voluntary contraction (MVC)
force of the involved muscles. Fatigability can
develop despite successful performance of a
submaximal effort task. This is illustrated with
the reduction MVC force when assessed inter-
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mittently during submaximal contractions
(Bigland-Ritchie et al. 1986a; Hunter et al.
2004c; Smith et al. 2007). If the submaximal
task is performed for an extended duration, failure of the task will occur because the force or
power requirements for successful performance
become greater than the maximal strength or
power capable of being exerted (Hunter et al.
2004d). Thus, the time to failure of a submaximal task can also be used to quantify fatigability of a muscle group and may more closely
represent the activation and metabolic requirements of the muscles during performance of
daily tasks (Enoka and Duchateau 2008).
Although motor performance is ultimately
limited by the output of the active muscle(s),
multiple mechanisms contribute to performance fatigability and they originate from both
neural and muscular processes (Fig. 1). This
means that fatigability depends on the capacity
of the nervous system to provide adequate activation as well as the contractile function of the
involved muscles (Enoka and Duchateau 2016).
Some of the potential sites and processes of limitation are identiﬁed in Figure 1. Although there
are physiological processes that limit force and
power generation during a fatiguing task, some
physiological adjustments are compensatory as
redundant physiological systems and feedback
loops attempt to maintain homeostasis (e.g.,
group III/IVafferent feedback from the muscles
to the nervous system). Hence, identifying the
primary mechanisms for the reduction in human performance during fatiguing exercise can
be challenging. One approach has been to determine the task dependency of fatigability by
assessing the time to failure of a submaximal
task and determining the physiological adjustments when the task conditions are altered
(Hunter et al. 2004d).
This review presents evidence that (1) neural mechanisms contribute to performance fatigability, and (2) performance fatigability and
the involved mechanisms are speciﬁc to the task
demands, muscle group, and the population
being tested, including the age and sex of the
individual. Following is a discussion on the
neural mechanisms and some of the techniques
used to expose those mechanisms that contrib2

ute to fatigability. In general, muscular mechanisms of fatigability will not be discussed and
they are covered more thoroughly in Cheng
et al. (2017).
NEURAL MECHANISMS OF PERFORMANCE
FATIGABILITY

Performance fatigability is often attributed to
contractile processes (Kent-Braun et al. 2012;
Debold et al. 2016); however, reductions in voluntary activation (neural drive) can play a signiﬁcant role in the decline of force and power
during fatiguing exercise even in healthy and
motivated populations (Gandevia 2001; Enoka
et al. 2011). A loss of voluntary activation of the
involved muscles can account for as much as
25% of the reductions in maximal force during
single-limb exercise (Gandevia 2001). Wholebody exercise also results in large reductions in
voluntary activation and maximal force of the
relevant muscles such as that seen after long
duration exercise (e.g., ultramarathon) (Millet
et al. 2002, 2003) and short duration high-intensity exercise (e.g., rowing) (Husmann et al.
2016).
There are many potential sites within the
central nervous system that can limit activation
during fatiguing exercise and ultimately motor
output from the muscle. The motoneuron pool
receives inputs from descending efferent pathways, spinal interneurons, and peripheral afferent feedback (e.g., Ia afferents; group III and IV
afferents) (Fig. 1), which are then integrated
within the spinal cord and can alter voluntary
drive (Gandevia 2001; Enoka et al. 2011; Taylor
et al. 2016). The motor output is also inﬂuenced
by the intrinsic properties of the motoneurons
themselves (e.g., persistent inward currents)
and neuromodulators (e.g., serotonin and
norepinephrine) (Taylor et al. 2016). Thus, a
change in efferent inputs, afferent feedback,
and the intrinsic properties of the motoneuron
can alter the strength and rate of voluntary contraction. Identifying the rate-limiting mechanism(s) for the decline in power or force during
fatiguing exercise, however, can be difﬁcult because some of the physiological adjustments
that accompany fatigability are compensatory
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Figure 1. Sites of fatigue. Schematic of the sites and processes that lead to force and power generation at the

muscle and can contribute to performance fatigability. Processes include activation of the motor cortex, descending drive, spinal activation of the motoneuron pool, neuromuscular propagation across the neuromuscular junction, muscle perfusion (blood ﬂow) and processes at the muscle ﬁber including excitation – contraction coupling, metabolism, and cross-bridge kinetics. Shown within the spinal cord schematic are selected
excitatory and inhibitory pathways to the spinal cord that have been found to modulate the output of the
motoneuron pool during fatiguing contractions. Motoneurons receive inhibitory inputs from a variety of
sources that are mediated through inhibitory interneurons (represented as the shaded neuron and synapse in
the circuitry). However, the dominant inhibitory effect from group III–IV afferents during fatiguing contractions involves a reduction in excitatory input by presynaptic inhibition of the group Ia afferents (Hunter et al.
2004d). Note that excitatory pathways are shown as white triangles and inhibitory pathways as the dark-shaded
triangles.
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rather than limiting, particularly during submaximal tasks (Taylor et al. 2016).
There are various techniques and approaches that have been used to identify
mechanisms within the nervous system that contribute to fatigability. A common technique to
determine the level of neural drive (voluntary
activation) is stimulation of the motor nerve or
motor cortex during an MVC, and the subsequent measurement of the superimposed twitch
force (Gandevia et al. 1996; Gandevia 2001;
Todd et al. 2016). For example, extra force evoked
at the motor nerve by the electrically stimulated
contraction during the maximal effort indicates
that either the motor units were not all recruited
voluntarily or that they were discharging at rates
that were not high enough to produce full fusion
of force during the MVC (Merton 1954; Belanger and McComas 1981; Herbert and Gandevia 1999). During or after a fatiguing task, an
increase (growth) in the amplitude of the superimposed twitch force that is elicited during a
MVC implies a failure of voluntary drive at one
or more sites proximal to the site of stimulation.
An acute loss of voluntary activation has been
termed central fatigue, indicating that a loss of
MVC force is, in part, caused by fatigue within
the central nervous system (Gandevia 2001).
Stimulation of the motor cortex (transcranial
magnetic stimulation [TMS]), allows detection
of the fatigue occurring upstream of the motor
cortex that limits neural drive (Todd et al. 2016).
These stimulation techniques of voluntary activation, however, are limited to select muscle
groups mostly during maximal efforts (Gandevia 2001; Taylor 2009; Todd et al. 2016).
The electromyography (EMG) signal during
voluntary contractions and in response to stimulation at various sites of the neuromuscular
system can provide information about the net
excitability in the central nervous system (Dideriksen et al. 2011; McNeil et al. 2013). For
example, during sustained MVCs, the global
EMG activity declines (Bigland-Ritchie et al.
1983b) because of less responsive motoneurons,
a reduction in descending drive, and less afferent feedback from the muscle spindles (Taylor
et al. 2016). During submaximal fatiguing contractions, the global EMG activity increases pri4

marily because of an increase in motor unit
recruitment and altered discharge rates in response to increased descending drive as the active muscle ﬁbers become progressively fatigued
and spinal excitability declines (Lippold et al.
1960; Fuglevand et al. 1993; Sogaard et al. 2006;
McNeil et al. 2011). Altered single motor unit
behavior (recruitment and discharge rate) during fatiguing contractions is able to be detected
with intramuscular EMG recordings (BiglandRitchie et al. 1983a; Carpentier et al. 2001; Riley
et al. 2008) and more recently with noninvasive
surface multichannel array electrodes (Duchateau and Enoka 2011; Farina et al. 2016).
Corticospinal and motoneuronal excitability can be determined by assessing the change in
the EMG response to stimulation during or
after fatiguing exercise (Taylor et al. 1996; Sacco
et al. 1997; Sidhu et al. 2009). Common sites
of stimulation are the motor cortex (motorevoked potential [MEP]), the cervicomedullary
junction (cerviomedullary-evoked potential
[CMEP]), motor nerve (muscle compound action potential [M wave], V wave, and F wave)
(Taylor et al. 1996; Taylor and Gandevia 2008;
Gruet et al. 2013; McNeil et al. 2013), and afferent nerves (Hoffman reﬂex [H reﬂex]) (Duchateau et al. 2002; Levenez et al. 2008; McNeil
et al. 2013). These are some of the techniques
used to show altered excitability within the central nervous system during single-limb fatiguing
exercise (Taylor and Gandevia 2008) and during
locomotor exercise (Sidhu et al. 2013). In addition, brain imaging such as functional magnetic
resonance imaging (fMRI) during fatiguing exercise shows that cortical and subcortical areas
of the brain can increase or decrease in activation during fatiguing tasks and at task failure
(Liu et al. 2003; Benwell et al. 2007; van Duinen
et al. 2007; Hou et al. 2016).
The techniques summarized above have
been used in humans and in combination
with unique experimental strategies to show altered voluntary activation and excitability of the
central nervous system during fatiguing exercise. Some of the unique approaches include
ischemia to enhance afferent feedback (Bigland-Ritchie et al. 1986b; Taylor et al. 1996; Butler et al. 2003; Kennedy et al. 2013), spinal
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blocks to reduce afferent feedback during or at
termination of fatiguing exercise (Amann et al.
2009; Sidhu et al. 2014; Blain et al. 2016), pairing of various stimulations to determine potential sites of fatigue such as the spinal cord
(McNeil et al. 2009, 2011), intracortical facilitation and intracortical inhibition (Hunter et al.
2016a), pharmacological manipulation of neurotransmitters such as dopamine, serotonin,
and norepinephrine (Wilson and Maughan
1992; Watson et al. 2005; Roelands and Meeusen
2010; Klass et al. 2012), imposition of a cognitive challenge before or during a fatiguing exercise (Marcora et al. 2009; Yoon et al. 2009b;
Keller-Ross et al. 2014), and altering the environmental conditions, including temperature
(Todd et al. 2005) and inspired oxygen concentration (Goodall et al. 2010, 2012).
In general, the approaches and studies highlighted above provide evidence that (1) fatiguing exercise is often limited within the central
nervous system resulting in a decrease in the
activation signal to the muscle, (2) the contribution of neural mechanism can vary considerably as the task demands and environments
change, and (3) the ability to drive skeletal muscle during a maximal task may not represent the
limitations in activation during submaximal
tasks and that are often performed during daily
tasks and whole-body exercise. Thus, although
both neural and muscular mechanisms contribute to exercise-induced reductions in force or
power, a loss in voluntary activation can account for up to 25% – 30% of performance fatigability (Gandevia 2001; Millet et al. 2002).
FATIGABILITY IS SPECIFIC TO THE TASK
DEMANDS AND POPULATION

Fatigability is speciﬁc to the task demands because varying the task requirements will stress
different sites or change the rate of stress of a
given site within the neuromuscular system
(Enoka and Stuart 1992; Bigland-Ritchie et al.
1995). Consequently, the mechanisms of fatigability and the rate that they limit performance
vary with the task requirements. Performance
fatigability, for example, can vary according to
the contraction type, speed and intensity, the

involved muscle groups, environmental conditions and state of arousal, and support provided
to a limb.
Task dependency of fatigability is obvious
when we consider the time to failure of an isometric contraction performed with a single limb
at several different intensities altering the rate of
motor unit activation and metabolic demands
on the contractile proteins (Fuglevand et al.
1993; Taylor et al. 1996; Burnley et al. 2012).
Similarly, the time to failure of dynamic exercise
at a given power (e.g., cycling) will decrease as the
intensity and power requirements increase (Vanhatalo et al. 2016; Sundberg et al. 2017), resulting
in a hyperbolic relation between the intensity
and the time to failure of the dynamic task
(Fig. 2A) (Poole et al. 2016). Thus, intensity of
contraction is an important task variable that
inﬂuences fatigability because the metabolic demands and rate of motor unit activation is greater during high- compared with low-intensity
tasks.
In addition to many other task variables such
as the muscle group (e.g., Frey Law and Avin
2010; Senefeld et al. 2013), contraction type
(Pasquet et al. 2000; Madeleine et al. 2002; Baudry et al. 2007), and contraction velocity (Callahan and Kent-Braun 2011; Dalton et al. 2012;
Yoon et al. 2013), there can also be differences in
fatigability between populations, including men
versus women, young versus old adults, and
healthy versus clinical populations (Kent-Braun
et al. 2012; Hunter 2016a,b). Differences in fatigability between populations occur because
characteristics of the neuromuscular system
that are common to a group of individuals will
impact the physiological adjustments and ratelimiting mechanisms during a fatiguing task.
Following are examples of how the task or population characteristics can inﬂuence the mechanisms and magnitude of fatigability, with an emphasis on the ability of the nervous system to
provide adequate activation to the muscle.
FORCE AND POSITION TASK

A compelling example of how neural mechanisms can limit performance of a submaximal
task is shown with the comparison of the time
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Figure 2. Task dependency of performance fatigability. (A) Power-task duration relation for cycling in young
men and women. Shown is the hyperbolic relation for cycling between power (relative to maximum power
achieved during a 3-sec test at 80 rpm) and time to failure (trial duration) for multiple cycling tests performed at
various power outputs. Over several days of testing, active young men (n ¼ 7) and women (n ¼ 7) performed
trials to obtain the peak 3-sec power output (100%) followed by 11 to 14 constant-load tests to elicit failure
between 3 and 300 sec. The time constant for the power-duration relationships was 0.0207/sec (R 2 ¼ 0.96) so
that the greater the relative power the shorter the time to failure. The time constant and shape of the hyperbolic
relation did not differ between the sexes. (Figure and data adapted with permission from Sundberg et al. 2017.)
(B) Force and position task. Time to failure (mean + SEM) of sustained isometric submaximal contractions
performed with the ankle dorsiﬂexor muscles for a force task and two positions tasks that differed in load
compliance and foot support. Data are extracted from two studies performed on a total of 23 young (18 –30 yr)
men (n ¼ 12) and women (n ¼ 11) (Hunter et al. 2008b; Yoon et al. 2009a). The subjects were seated with knee
at 90 deg of ﬂexion, the ankle in neutral position (0 deg dorsiﬂexion) and with a load supported at the forefoot
equivalent to 20% of maximal voluntary contraction (MVC). The load compliance and support provided to the
foot varied between the three tasks: There was no support provided under the foot for the “position unsupported” task, a position task with foot support ( position supported) that allowed one degree of freedom of
movement at the ankle in the sagittal plane, and a force task (force) in which the forefoot was rigidly attached to a
force transducer.
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to failure of two isometric fatiguing tasks, the
“force task” and the “position task.” These tasks
differ in the support provided to the limb and
the load compliance (Hunter et al. 2002, 2008b;
Maluf et al. 2005; Klass et al. 2008b). The “force
task” involves restraint of the limb to a force
transducer while the individual sustains a
force at a given load (e.g., 20% of MVC) with
minimal compliance and maximal external
limb support. The “position task” involves supporting an equivalent inertial load (e.g., a load
equivalent to 20% MVC) with volitional muscle
force while the subject maintains position of the
limb with minimal external limb support. Thus,
the load compliance for the position task is
much greater than for the force task (Enoka et
al. 2011). Despite a similar external load, the
time to task failure for the position task is usually
briefer than the force task for a range of muscle
groups, including the elbow ﬂexors, knee extensors, ﬁnger abductor, and ankle dorsiﬂexors
(Hunter et al. 2002, 2008b; Maluf et al. 2005;
Klass et al. 2008b; Rudroff et al. 2010, 2011).
Figure 2B shows that the time to task failure
for a force task was longer for the ankle dorsiﬂexor muscles (less fatigable) compared with a
position task that varied in external foot support
and load compliance (Hunter et al. 2008b; Yoon
et al. 2009a).
The differential inputs received by the motoneuron pool during a force and position task
are associated with the difference in fatigability
between the tasks (i.e., the briefer time to failure
for the position task). The physiological adjustments are typically more rapid during the position task than the force task, including a greater
rate of increase in the mean arterial pressure,
heart rate, and perceived exertion (Hunter
et al. 2002, 2005b, 2008b; Rudroff et al. 2011).
These data indicate greater excitation to the motoneuron pool during the position task (Rudroff et al. 2005). Thus, the rate of increase in
EMG during a position task is usually greater
than for a force task (Hunter et al. 2008b) because of a more rapid recruitment of motor
units during the position task (Mottram et al.
2005; Baudry et al. 2009).
Accordingly, the time course of the H reﬂex
declined more rapidly during the position task

compared with the force task despite similar levels of fatigue in the muscle (quantiﬁed with the
twitch contraction) and similar magnitudes of
supraspinal fatigue (assessed with TMS) (Klass
et al. 2008b). Additional experiments showed
that the heteronymous monosynaptic Ia facilitation was greater and Ia presynaptic inhibition
was reduced during the early stages of a position
task compared with the force task (Baudry and
Enoka 2009; Baudry et al. 2010). The heightened
sensitivity of the stretch reﬂex during the position task to maintain a compliant load ( position
task) appears to lead to greater activation of
gamma motoneurons and increased excitation
of muscle spindles, increased Ia afferent feedback to correct deviations of limb position,
and differential modulation of presynaptic Ia
inhibition of the position task than the force
task (Enoka et al. 2011). Thus, spinal mechanisms involving depressed synaptic input from
Ia afferent feedback and a reduction the capacity
of the central nervous system to provide adequate excitation to the motoneuron pool appear
to be responsible for the briefer time to failure
for the more compliant load in the position task
compared with the force task.
SEX DIFFERENCES IN PERFORMANCE
FATIGABILITY

Performance fatigability can differ between men
and women for fatiguing isometric and dynamic tasks (Hunter 2016a,b). Although men are
often stronger and more powerful than women
for a range of muscle groups, men are usually
more fatigable for isometric tasks and some
slow-to-moderate velocity dynamic tasks when
performed at the same intensity of contraction
as women (Fig. 3). Similarly, men were more
powerful than women during maximal sprint
cycling but were more fatigable for men during
multiple sprints, although the sex difference in
power reduction was minimized for a subgroup
of men and women who were matched for mechanical work (Billaut and Bishop 2012). After
long-duration running (110 km), men also have
shown greater reductions in MVC force of the
knee extensor muscles than women competitors
(Temesi et al. 2015). These sex differences in
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Figure 3. Sex differences in fatigability for isometric voluntary contractions. Represented are mean data from 46
isometric contraction studies (intermittent and sustained) that assessed fatigability of men and women. Plotted
is the percentage sex difference in fatigability in each study, calculated as the mean difference in fatigability
between men and women as a percent of the women’s value. The fatigability values used for the calculation were
either the fatigue index or time to task failure for the sustained or intermittent isometric fatiguing contractions.
The x-axis represents the contraction intensity ( percentage of maximal voluntary contraction [MVC]) at which
the fatiguing contractions were performed. Upper limb muscles are represented in closed symbols and lower
limb muscles in open symbols. Back and neck muscles are represented as gray symbols. Most data points are
above the line, indicating that women were less fatigable than men for many of the muscle groups. There was a
signiﬁcant negative relation between the relative contraction intensity and the magnitude of the sex difference for
the isometric contractions when all muscle groups were included (r 2 ¼ 0.19). (From Hunter 2016a; reprinted,
with permission.)

fatigability occur because the differences between men and women in anatomy, physiology,
strength, and power can alter the rate that fatigue develops at sites along the neuromuscular
system. Furthermore, as discussed below, the sex
difference in fatigability and the responsible
mechanism are dependent on the details and
demands of the task (Hunter 2009, 2014).
In general, mechanisms for sex-based differences in fatigability include skeletal muscle metabolism and contractile properties (Esbjornsson et al. 1993; Russ et al. 2005; Hunter et al.
2006a; Billaut and Bishop 2009), muscle perfusion more so during submaximal sustained isometric contractions (Hunter 2016a), and voluntary activation for select tasks and muscle
groups (Russ and Kent-Braun 2003; Martin
and Rattey 2007). In whole muscle, women typically possess a greater proportional area of ﬁbers that possess type I myosin heavy chain
(MHC) isoforms, which rely more on oxidative
8

metabolism and are relatively more fatigueresistant than MHC type II ﬁbers (Hunter
2016a). The ﬁbers of men and women do not
appear to differ in the amount of force able to be
produced per cross-sectional area (speciﬁc tension) (Trappe et al. 2003; Krivickas et al. 2006),
and so the sexes primarily vary in strength,
MHC content, and metabolic characteristics
of the whole muscle owing to the different numbers and size of the ﬁbers. Thus, during fatiguing exercise, men showed greater acidosis and
peak glycolytic rates of whole muscle compared
with women, and women showed greater oxidative capacity than men (Fig. 4) (Esbjornsson
et al. 1993; Russ et al. 2005).
The mechanisms for the sex differences in
fatigability also can include activation of the
motoneuron pool from cortical and subcortical
regions. Differences between men and women
in synaptic inputs to the motoneuron pool during fatiguing contractions is likely affected by
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Figure 4. Sex differences in fatigability. Shown are potential mechanisms that may contribute to the sex differences in fatigability and when women are less fatigable than men during fatiguing contractions. Mechanisms in
the muscle, central nervous system, and feedback between them are featured. The contribution of potential
mechanisms, however, can vary with the task demands, environmental conditions, and muscle group. A negative
sign indicates that the physiological variable or process is less in women than men and, conversely, a positive sign
indicates that it is greater in women than men. (From Hunter 2014; adapted, with permission.)

differential activation of metabolically sensitive
small afferent ﬁbers in the muscle (Fig. 4). For
example, reductions in voluntary activation
were greater in men than women for isometric
fatiguing contractions during lower limb exercise (Russ and Kent-Braun 2003; Martin and
Rattey 2007). The greater loss of neural drive
in the men during these high-intensity contractions was probably attributable to a larger accumulation of metabolites in the active skeletal
muscle. Group III and IV muscle afferents are
sensitive to ischemia and metabolite accumulation (Martin et al. 2008; Kaufman 2011; Murphy et al. 2011) associated with fatigue and pain
(Taylor et al. 2016). At the spinal cord, group III
and IV afferents excite or inhibit motoneurons,
and this may depend on the muscle group (extensors vs. ﬂexors) and whether the excitation is

from pain or metabolites (Martin et al. 2006,
2008). Excitation of the group III and IV afferents, however, appears to result in a net decrease
of motor unit discharge rates and reduced voluntary activation (e.g., Woods et al. 1987; Martin et al. 2006, 2008; Dideriksen et al. 2010;
Amann 2012; Rossman et al. 2012; Kennedy
et al. 2013, 2015). The primary mechanism(s)
for the sex differences in fatigability, however, is
not always easy to identify because of the feedback loop between muscle and the central nervous system (Fig. 1).
The reduction in voluntary activation during a fatiguing task, however, can differ between
men and women for different muscle groups. At
baseline (before fatiguing exercise), voluntary
activation is typically similar for men and women for most muscle groups (Russ and Kent-
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Braun 2003; Hunter et al. 2006a; Keller et al.
2011). For the elbow ﬂexor muscles, voluntary
activation can be signiﬁcantly reduced in both
men and women for both isometric and slow
dynamic fatiguing contractions, and typically
there is no sex difference in the reduction of
voluntary activation (Hunter et al. 2006a; Yoon
et al. 2007, 2015; Keller et al. 2011). However,
this is in contrast to studies that have shown a
larger reduction in voluntary activation for men
than women during fatiguing exercise of the
lower limb muscles coupled with greater fatigability of the men (Russ and Kent-Braun 2003;
Martin and Rattey 2007). This sex difference in
voluntary activation likely involved greater activation and inhibitory greater feedback from
metabolically sensitive group III and IV ﬁbers.
The above discussion illustrates that the sex
difference in fatigability and the responsible
mechanism are speciﬁc to the task demands
and the involved muscles. There are a number
of task variables that, when altered, potentially
change the mechanisms and magnitude of the
sex difference in performance fatigability, with
some of the known variables summarized in Table 1. The sex difference in fatigability is taskspeciﬁc because when the requirements of the
task are altered the neuromuscular sites of fatigue can differ or be stressed at different rates
for men and women (Hunter 2009). For example, the sex difference in the elbow ﬂexor muscles
is typically greater than for the ankle dorsiﬂexor
muscles (Avin et al. 2010). There are also no
apparent sex differences in fatigability for the
elbow extensor muscles during low-intensity
isometric contractions (Dearth et al. 2010), although large sex differences are observed for the
elbow ﬂexor muscles during sustained and intermittent tasks (Sato and Ohashi 1989; Hunter
and Enoka 2001; Hunter et al. 2004c, 2009). The
greater fatigability of men compared with women for isometric contractions with the elbow
ﬂexor muscles is, in part, because of contractile
mechanisms and sometimes muscle perfusion
during low-to-moderate intensity sustained
contractions when men are stronger than women (Hunter and Enoka 2001; Hunter et al. 2004b,
2006a,b; Keller et al. 2011). Strength-related differences in muscle perfusion cannot account for
10

the greater fatigue resistance of women than
men during intermittent contractions when
the sexes are closely matched for strength (Hunter et al. 2004c).
The importance of the cortical activity in
limiting performance during submaximal tasks
of men and women is seen when a cognitive
challenge is performed before fatiguing exercise
(Bray et al. 2008; Marcora et al. 2009; Pageaux
et al. 2013) and also when it is imposed during a
fatiguing contraction (Yoon et al. 2009b; KellerRoss et al. 2014; Pereira et al. 2015). Imposing a
cognitive challenge is another task variable that
can alter the fatigability of men and women
differently (Table 1). For example, during control conditions without a cognitive challenge
imposed, women were able to sustain an isometric fatiguing contraction at 20% MVC with
the elbow ﬂexor muscles longer than men (e.g.,
Hunter and Enoka 2001; Keller et al. 2011). The
time to failure, however, was reduced when the
cognitive challenge of counting backward by a
two-digit number (e.g., 13 from a four-digit
number) was imposed during the fatiguing
contraction (Yoon et al. 2009b; Keller-Ross et
al. 2014; Pereira et al. 2015). The reduction in
time to failure (increased fatigability) was
much greater for the women than the men despite similar decreases in MVC force at the end
of the fatiguing contraction and a similar reduction in voluntary activation upstream of the motor cortex (assessed with TMS) (Keller-Ross
et al. 2014). These differences in fatigability
with a cognitive challenge and the interaction
with the sex of the individual were not observed
in the ankle dorsiﬂexor muscles (Vanden Noven
et al. 2014), reinforcing that the sex difference in
fatigability can differ across muscle groups. The
primary mechanisms for the altered sex difference in fatigability with the cognitive challenge
in the elbow ﬂexors are not fully understood.
These examples, however, indicate that greater
cortical inputs during a fatiguing task or depletion of cognitive resources before a fatiguing
task can increase the rate that fatigue develops
in the neuromuscular system for men and women, and for some muscle groups such as the
elbow ﬂexors alter the sex difference in fatigability.
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Table 1. Task variables that inﬂuence the sex differences in fatigability
Fatigability

Examples of supporting studies

Intensity of contraction
Low intensity

Variables

M.F

Low intensity strength matched
Moderate intensity
High intensity

M¼F
M.F
M.F

Hunter and Enoka 2001; Yoon et al. 2007; Keller
et al. 2011
Hunter et al. 2004b, 2006b
Fulco et al. 1999; Hunter et al. 2004c, 2009
Russ and Kent-Braun 2003; Hunter et al. 2006a;
Martin and Rattey 2007
Maughan et al. 1986; Yoon et al. 2007

M¼F
Muscle group (isometric only)
Adductor pollicis
Elbow ﬂexors

www.perspectivesinmedicine.org

Finger ﬂexors (handgrip)
Elbow extensors
Trunk ﬂexors
Trunk extensors
Knee extensors
Ankle dorsiﬂexors

Velocity of contraction
Slow velocity concentric
Moderate velocity concentric
High velocity concentric
Slow to moderate eccentric
Cognitive challenge imposed
Elbow ﬂexors (isometric)
Ankle dorsiﬂexors (isometric)

M.F
M.F
M.F
M¼F
M¼F
M.F
M.F
M.F
M¼F

M.F
M.F
M¼F
M¼F
F.M

Fulco et al. 1999
Hunter et al. 2004c; Avin et al. 2010; Keller et al.
2011
West et al. 1995; Hunter et al. 2006b
Dearth et al. 2010
Deering et al. 2017
Clark et al. 2003; Lariviere et al. 2006
Clark et al. 2005
Russ and Kent-Braun 2003
Kent-Braun et al. 2002; Hunter et al. 2008b; Avin
et al. 2010
Yoon et al. 2015
Pincivero et al. 2003
Senefeld et al. 2013
Hubal et al. 2008; Lee et al. 2017
Sewright et al. 2008; Power et al. 2013

F increase fatigability; Yoon et al. 2009b; Keller-Ross et al. 2014; Pereira
M minimal change
et al. 2015
F and M no change
Vanden Noven et al. 2014

Shown are task variables that are known to alter the magnitude of the sex difference in performance fatigability during
single-limb exercise, along with examples of how that variable can change and the general ﬁndings to date. Examples of
supporting studies are cited in the last column although the list is not exhaustive.
F, Females; M, males.
M . F, Males are more fatigable than females.
F . M, Females are more fatigable than males.
M ¼ F, Females are similar in fatigability.

Although the sex difference for isometric
fatiguing tasks is relatively robust for many
muscle groups (Fig. 3), the sex difference is
largely diminished for fast-velocity single-limb
contractions (Senefeld et al. 2013; Hunter
2016b). For example, the reduction in power
with a load equivalent to 20% MVC was similar
for men and women (both young and old
adults) who performed repeated fast velocity
contractions with the elbow ﬂexor and knee extensor muscles (Senefeld et al. 2013, 2016). How

the sex difference in fatigability during dynamic
exercise varies across different contraction intensities and interacts with contraction velocity
is not known. Interestingly, for lower limb cycling, the time constant that describes the
power– duration relationships across intensities
above an individual’s critical power was similar
for trained young men and women (Fig. 2A)
(Sundberg et al. 2017). The power– time relationship and critical power is dependent on the
metabolic responses and MHC composition in
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the muscle (Poole et al. 2016; Vanhatalo et al.
2016). The effect of sex on fatigability around
the critical power thresholds is relatively unexplored and presents with many opportunities
for future studies across a range of tasks.
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AGE DIFFERENCES IN PERFORMANCE
FATIGABILITY

Age-related changes within the neuromuscular
system can alter the rate at which a site within
the neuromuscular system is stressed during repeated or sustained activation, often resulting
in differences in fatigability between young and
old adults. Compared with young adults, some
of the changes in the neuromuscular system of
old adults (. 60 yr) include neuronal atrophy
throughout the central nervous system (Ward
2006; Clark and Taylor 2011), a net loss of motor units (Campbell et al. 1973; Tomlinson and
Irving 1977), degradation of the neuromuscular
junction (Hepple and Rice 2016), decreased
muscle mass (sarcopenia) because of a reduction in the number and size of the surviving
motor units (Lexell et al. 1988), a shift in the
composition of MHC within ﬁbers to a smaller
proportional area of muscle that expresses
MHC IIa isoforms in old muscle compared
with young (Larsson and Karlsson 1978; Larsson et al. 1979; Hunter et al. 1999; Purves-Smith
et al. 2014), and slowed calcium kinetics and
reduced efﬁciency of the contractile and structural proteins of the muscle ﬁber (for review, see
Hunter et al. 2016b). Speciﬁc tension of single
ﬁbers (force/ﬁber cross-sectional area) may be
reduced with aging in individuals 70– 73 yr
compared with young adults (Larsson et al.
1997; D’Antona et al. 2003; Lamboley et al.
2015; Power et al. 2016) and even in very old
master’s athletes (80 yr) (Power et al. 2016).
Some studies, however, indicate speciﬁc tension
is preserved with aging especially when young
and old adults are matched for physical activity
levels (Trappe et al. 2003; Venturelli et al. 2015;
for review, see Hunter et al. 2016b). These agerelated changes tend to accelerate into very old
age (. 80 yr) but may also be exacerbated by
other factors such as disuse, genetics, nutrition
(decreased total caloric and protein intake), al12

tered hormonal status, inﬂammatory mediators, and factors resulting in altered protein synthesis and sarcopenia (Doherty 2003; Degens
and Korhonen 2012). Furthermore, the age-related reductions in muscle function and skeletal
muscle ﬁber characteristics are not typically
uniform across the different muscles with greater reductions in strength, power, and muscle
cross-sectional area in the lower limb such as
the knee extensor muscles compared with the
elbow ﬂexor and handgrip muscles (Hunter et
al. 2000; Raj et al. 2010; Venturelli et al. 2014,
2015). Thus, some old adults have experienced
larger alterations within the neuromuscular system compared with others of the same age and
sex so that the between-subject variability in
motor function including fatigability is typically greater among old adults than young adults
(Rantanen et al. 1998; Christou 2011; Degens
and Korhonen 2012; Vanden Noven et al. 2014;
Hunter et al. 2016b).
Old adults also tend to show greater variability during performance of a motor task than
young (Enoka et al. 2003; Hunter et al. 2016b),
including repeated activation during a fatiguing
task (Kent-Braun et al. 2014; Senefeld et al.
2016). Thus, the within-subject variability of repeated activation is larger with aging, particularly those who are .80 yr, frail, and inactive
(Hunter et al. 2008a; Kent-Braun et al. 2014;
Vanden Noven et al. 2014; Senefeld et al.
2016). The mechanisms for the large age-related
variability in motor output during fatiguing exercise are not known but are consistent with increased variability of voluntary activation during repeated MVCs (Hunter et al. 2016b),
suggesting that neural mechanisms may be responsible. Certainly, the large between- and
within-subject variability among old adults
for strength and fatiguing performance can
make the comparison of young and old adults
challenging, particularly in studies of crosssectional design. However, it is also clear that
advanced age is often accompanied by lower
predictability of performance during fatiguing
motor tasks of an already compromised neuromuscular system.
Consequently, when young and old adults
perform fatiguing contractions, their muscles
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fatigue at different rates to that of young adults,
although the underlying mechanisms depend
on task demands (Hunter et al. 2016b). Healthy
old adults (60– 75 yr) are typically less fatigable than young for maximal and submaximal
isometric fatiguing contractions performed at
the same relative intensity of contraction. This
decreased fatigability is shown even when young
and old adults are matched for strength (Hunter
et al. 2005a) and also occurs for both men and
women (Hunter et al. 2004a; Christie et al. 2011;
Yoon et al. 2012). For both men and women, the
mechanism for the age difference in fatigability
is associated with a more fatigue-resistant muscle that accompanies aging (Kent-Braun 2009;
Hunter et al. 2016b). During isometric contractions, old muscle shows less reliance on glycolytic metabolism compared with young, and a
lower accumulation of inorganic phosphate and
hydrogen ions that often interfere with force
production (Lanza et al. 2007; Kent-Braun
2009; Callahan et al. 2016). Consistent with
these ﬁndings, old adults show a larger proportional area of ﬁbers expressing MHC I isoforms
(Larsson et al. 1979; Lexell et al. 1988; Hunter
et al. 1999; Purves-Smith et al. 2014) and slower
contractile properties (Vandervoort and McComas 1986; Narici et al. 1991; Hunter et al. 2008a;
Callahan and Kent-Braun 2011; Molenaar et al.
2013; Yoon et al. 2013).
Voluntary activation and cortical inputs can
also affect the age difference in fatigability and
recovery of force after isometric fatiguing contractions. For example, imposition of a cognitive challenge during performance of an isometric contraction increased fatigability (decreased
time to task failure) in old men and women
(Pereira et al. 2015). Imposition of a cognitive
challenge also resulted in increased variability of
motor output during an isometric contraction
seen as larger ﬂuctuations in force and lower
predictability of the time to task failure for old
adults compared with the young adults (Vanden
Noven et al. 2014; Pereira et al. 2015). Furthermore, reductions in voluntary activation and
motor unit discharge rates in the muscles of
old adults compared with young adults contributed to a slower and delayed recovery of force
after an isometric fatiguing contractions (Hun-

ter et al. 2008a; Dalton et al. 2010a; Yoon et al.
2012).
In contrast to fatigability of isometric tasks
and slow dynamic contraction tasks, old adults
are generally more fatigable than young adults
for fatiguing tasks involving fast-velocity contractions. For slow-to-moderate velocity contractions (,180 deg/sec) with the elbow
ﬂexor and knee extensor muscles (Callahan
et al. 2009; Dalton et al. 2012; Yoon et al.
2013), old adults were less fatigable than young
adults. However, old adults were more fatigable
than young adults for high-velocity concentric
contractions with the elbow ﬂexor, ankle dorsiﬂexor, plantar ﬂexor, and knee extensor muscles
(McNeil and Rice 2007; Dalton et al. 2010b;
Callahan and Kent-Braun 2011; Senefeld et al.
2016; Wallace et al. 2016).
The age differences in fatigability and the
altered relationship with contraction velocity
depends on the muscle groups and the age of
the individual. For fast velocity contractions
with a load equivalent to 20% of MVC, old
adults (71 yr) were more fatigable than young
adults (21 yr) (Senefeld et al. 2016). The age
difference in the reduction in power during the
fatiguing task, however, was greater for the knee
extensor muscles (36%) than the elbow ﬂexor
muscles (10%) (Fig. 5) (Senefeld et al. 2016).
These results are consistent with the greater ageassociated reduction in strength, power, and
cross-sectional area observed in lower limb
muscles possibly mediated, in part, by disuse
(Hunter et al. 2000; Raj et al. 2010; Venturelli
et al. 2014, 2015). There were no sex differences
in fatigability of the fast contractions for the
young or the old adults in this study for either
muscle group (Senefeld et al. 2016). The mechanisms for the muscle- and velocity-dependent
age difference in fatigability appears to involve
contractile mechanisms associated with a slower
shortening velocity that occurs with advanced
age (Baudry et al. 2007; Callahan and KentBraun 2011; Yoon et al. 2013). Thus, the slower
shortening velocity of the muscle ﬁbers of old
adults (Larsson et al. 1997) and a net loss of
motor units, especially high-threshold type II
motor units, may contribute to an increase in
fatigability during high-velocity fatiguing tasks.

Cite this article as Cold Spring Harb Perspect Med 2018;8:a029728

13

Downloaded from http://perspectivesinmedicine.cshlp.org/ at Washington University in St. Louis on November 8, 2018 - Published
by Cold Spring Harbor Laboratory Press

S.K. Hunter

A

95

400

90
300

85
80

200

75

Young
Old

100

70
65

0
e

in
el

s

Ba

5
1–

26

0
–3

31

5
–3

56

0
–6

61

5
–6

B

86

0
–9

Elbow flexors

www.perspectivesinmedicine.org

Baseline power (W)

500

100
95

400

90
300

85
80

200

75

Young
Old

100

70

0

MVCC velocity (% baseline)

Baseline power (W)

100

MVCC velocity (% baseline)

Knee extensors
500

65
e

s

in
el

Ba

5

1–

2

3
6–

0
3

3
1–

5
5

6
6–

0
6

6
1–

5
8

9
6–

0

Contraction number

Figure 5. Age differences in fatigability with dynamic contractions. Peak power with a load equivalent to 20%

maximal voluntary isometric contraction (MVIC) torque at baseline (in Watts [W], left y-axis) and during 90
maximal-effort velocity contractions (normalized to baseline [%], right y-axis) for the knee extensor (A), and
elbow ﬂexor (B) muscles. The absolute power (W) was the average of six contractions performed before the
fatiguing task by 35 young adults (21.0 + 2.6 yr; 16 men and 19 women) and 32 old adults (71.3 + 6.3 yr; 18
men and 14 women). Participants performed 90 maximal-effort, fast, concentric, isotonic contractions (one
contraction/3 sec, three sets of 30 contractions separated by 10 sec) with a 20% MVIC load with the elbow
ﬂexor and knee extensor muscles on separate days. Shown are means (+SEM) of ﬁve contractions at the start
and end of the three sets of contractions and normalized to the baseline values. Old adults had greater reductions
in power than young adults with a larger age difference for the knee extensor (36% age difference) than the elbow
ﬂexor muscles (10% age difference) (age difference is shown by a daggar, P , 0.05). MVCC, Maximal voluntary
concentric contraction. (Data adapted from Senefeld et al. 2016.)

Furthermore, old adults have shown less optimal activation with advanced age when rapid
activation is required (Klass et al. 2008a; Wallace
et al. 2016), so that both neural and muscular
mechanisms likely contribute to the greater fatigability with aging during high-velocity dynamic contractions.
Performance fatigability is also greater with
very advanced age (. 75– 80 yr), especially
in lower limb muscles. During a dynamic fa14

tiguing task with the ankle dorsiﬂexor muscles,
very old men (84 yr) showed greater reductions in power (fatigability) than young men
(24 yr), but there were minimal differences
in the reductions in power production between
the old men (64 yr) and young men (McNeil
and Rice 2007). Furthermore, the ankle dorsiﬂexor muscles of old adults aged 77 yr were
more fatigable than young (31 yr) for repeated maximal concentric and eccentric con-

Cite this article as Cold Spring Harb Perspect Med 2018;8:a029728

Downloaded from http://perspectivesinmedicine.cshlp.org/ at Washington University in St. Louis on November 8, 2018 - Published
by Cold Spring Harbor Laboratory Press

www.perspectivesinmedicine.org

Performance Fatigability

tractions performed at 50 deg/sec21 (Baudry
et al. 2007). It is not clear, however, if this increased fatigability in the very old adults
(77 yr) was because of advanced age or was
unique to the ankle dorsiﬂexor muscles at slower velocities.
The age-related fatigue resistance during
isometric tasks in adults ,75 yr discussed previously, appears to shift with advanced age because old adults .75 yr were more fatigable for
a sustained isometric fatiguing contraction for
the ankle dorsiﬂexor muscles (Justice et al.
2014). The underlying cause for this shift in
the difference in fatigability between the old
and very old adults is not clear but is consistent
with the general demise of the aging neuromuscular system that accelerates after 75 yr (Hunter et al. 2016b). Cross-sectional studies show
that maximal strength and power decline at
much greater rates in people . 75 yr (Lindle
et al. 1997; Hunter et al. 2000; Metter et al. 2004;
Reid and Fielding 2012). Thus, there may be a
threshold around 75 yr in which accelerated
declines in motor function occur, and this includes altered fatigability during both isometric
and dynamic fatiguing contractions especially
in the lower limb muscles. However, there remains a limited understanding of the mechanisms for the age difference in fatigability with
very advanced age, particularly in women, and
also the associations between fatigability, functional performance, frailty, and disability.
CONCLUSIONS

Performance fatigability and the responsible
mechanisms are dictated by the task demands,
muscle group, and the characteristics of the
population assessed. Some of the variables
known to inﬂuence fatigability of limb muscle
groups include the degree of limb support and
load compliance, contraction type, contraction
intensity and velocity, cognitive demand required during a fatiguing task, and the sex and
age of the individual. Although motor output
ultimately occurs at the muscle, neural mechanisms often contribute to performance fatigability because the activation signal is not adequate to optimally activate all of the available

motor units for the given task demands. However, the contribution of neural mechanisms is
dictated by the task demands and population
characteristics. The challenge is to deﬁne specific mechanisms of task dependency of fatigability and test their relevance in different types of
real-world activities when performed by men
and women across the life span. Determining
these mechanisms will also have relevance to
vulnerable populations, such as those with
chronic disease who are often limited by fatiguing daily functional activities.
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